We report the production of ultracold heteronuclear 7 Li 85 Rb molecules in excited electronic states by photoassociation (PA) of ultracold 7 Li and 85 Rb atoms. PA is performed in a dual-species 7 Li-85 Rb magneto-optical trap (MOT) and the PA resonances are detected using trap loss spectroscopy. We identify several strong PA resonances below the Li (2s 2 S 1/2 ) + Rb (5p 2 P 3/2 ) asymptote and experimentally determine the long range C 6 dispersion coefficients. We find a molecule formation rate (P LiRb ) of 3.5 × 10 7 s −1 and a PA rate coefficient (K PA ) of 1.3 × 10 −10 cm 3 /s, the highest among heteronuclear bi-alkali-metal molecules. At large PA laser intensity we observe the saturation of the PA rate coefficient (K PA ) close to the theoretical value at the unitarity limit. [15] . Heteronuclear bi-alkali-metal molecules (XY, where X and Y are two different alkali-metal-atom species), only a small subset of polar molecules, have received special attention mainly because the constituent alkali-metal atoms are easy to laser cool and can be easily associated to form molecules at ultracold temperatures. The two primary methods for production of heteronuclear bi-alkali-metal molecules have been magnetoassociation (MA), as in the case of KRb, NaK, and NaLi [1] [2] [3] [4] , and photoassociation (PA), as in the case of LiCs, RbCs, NaCs, KRb, and LiK [5] [6] [7] [8] [9] [10] [11] [12] . Such molecules can be transferred to their absolute ground state where they have significant dipole moment, for example, by stimulated Raman adiabatic passage (STIRAP) [1, 12] . There is considerable interest in other heteronuclear combinations either due to their higher dipole moments, different quantum statistics, or the possibility of finding simpler or more efficient methods for the production of ultracold molecules.
Heteronuclear polar molecules have recently attracted enormous attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] owing to their ground state having a large electric dipole moment [16] . The long range anisotropic dipole-dipole interaction in such systems is the basis for a variety of applications including quantum computing [13] , precision measurements [14] , ultracold chemistry [2] , and quantum simulations [15] . Heteronuclear bi-alkali-metal molecules (XY, where X and Y are two different alkali-metal-atom species), only a small subset of polar molecules, have received special attention mainly because the constituent alkali-metal atoms are easy to laser cool and can be easily associated to form molecules at ultracold temperatures. The two primary methods for production of heteronuclear bi-alkali-metal molecules have been magnetoassociation (MA), as in the case of KRb, NaK, and NaLi [1] [2] [3] [4] , and photoassociation (PA), as in the case of LiCs, RbCs, NaCs, KRb, and LiK [5] [6] [7] [8] [9] [10] [11] [12] . Such molecules can be transferred to their absolute ground state where they have significant dipole moment, for example, by stimulated Raman adiabatic passage (STIRAP) [1, 12] . There is considerable interest in other heteronuclear combinations either due to their higher dipole moments, different quantum statistics, or the possibility of finding simpler or more efficient methods for the production of ultracold molecules.
In this Rapid Communication we report a highly efficient production of ultracold 7 Li 85 Rb molecules by PA (also see [18] ). There is considerable interest in LiRb because the rovibronic ground state LiRb molecule is predicted to have a relatively high dipole moment of 4.1 D (exceeded only by LiCs and NaCs) [16] , which makes it a strong candidate for many of the applications mentioned above. It is also interesting to note that bosonic 85 Rb, 87 Rb, and 7 Li, and the fermionic 6 Li are among the more commonly trapped alkali-metal-atomic species. This can make LiRb molecules readily available in both fermionic and bosonic forms (depending on the Li isotope chosen), broadening the range of physics that can be studied. We provide the first step towards the production of such ultracold LiRb molecules. In our experiment, the 7 −10 cm 3 /s, the highest among heteronuclear bi-alkali-metal molecules. In addition, we observe the unitarity-limited saturation of K PA at a value that is in agreement with the theory of Bohn and Julienne [20] . The observation of unitarity-limited saturation of K PA has important implications, for example, in the observation of atom-molecule oscillations and coherent control (which often requires understanding the strongly driven regime) [20] [21] [22] [23] [24] [25] .
Our experiments are performed in a dual-species MOT. The details of the apparatus have been described elsewhere [26] . We use a conventional MOT for 7 Li and a dark MOT for 85 Rb which allows us to trap a large number of atoms with minimal losses from light-assisted interspecies collisions [26] . The spatial overlap of the two MOTs is monitored using a pair of CCD cameras placed orthogonal to each other and a good overlap is ensured for the PA experiments. of Rb at 795 nm [18] . PA resonances lead to the formation of LiRb * molecules which either spontaneously decay to LiRb molecules in the electronic ground state or to free Li and Rb atoms with high kinetic energies. Both mechanisms result in loss of the Li and Rb atoms from the MOT leading to a decrease in the MOT fluorescence. The formation of LiRb * molecules can thus be detected from this so called trap loss spectrum. In this work the signature of LiRb * PA resonances is detected through the trap loss in the Li MOT (the trap loss signal of the Rb MOT is complicated due to the presence of numerous Rb 2 PA resonances in addition to the LiRb PA resonances). We have also verified that the observed LiRb PA resonances are absent unless both the Li and Rb MOTs are simultaneously present.
A part of the experimentally observed PA spectrum below the Li (2s 2 S 1/2 ) + Rb (5p 2 P 3/2 ) asymptote is shown in Fig. 1 . The detuning PA is measured with respect to the frequency ν res (=384 232.157 GHz) of the Rb (5s
where ν PA is the frequency of the PA laser. The detuning PA is thus a measure of the binding energy (E B ) of the respective vibrational levels. For the spectrum shown in Fig. 1(a) , the frequency of the PA laser was scanned at 10 MHz/s (while the MOT loading time is ß5 s) and the intensity of the PA beam was 70 W/cm 2 . The full spectrum in Fig. 1(a) was obtained by stitching together many short 4 GHz scans. The absolute frequencies of the PA lines are accurate to ±100 MHz, although the frequency resolution is much higher and hence the relative frequency measurements are more accurate. The narrowest PA lines have a linewidth of ß33 MHz and we are able to resolve finer structures in the PA lines as shown in Fig. 1(b) observed PA resonances). Figure 1(c) shows the strongest PA line observed which corresponds to a LiRb * molecule production rate of 3.5 × 10 7 s −1 . We will elaborate on this particular PA line below but first discuss the assignment of the observed PA lines.
The theoretical potential energy curves at large internuclear separations (R) depend on the C 6 coefficients [28] [29] [30] , an example of which is shown for LiRb in Fig. 2(a) . In Hund's case (c) there are five electronic states asymptotic to the Li (2s 2 S 1/2 ) + Rb (5p 2 P 3/2 ) asymptote [28] [29] [30] [31] [32] [33] . These are labeled n( σ ), where is the projection of the total electronic angular momentum on the internuclear axis, σ = −/+ (only for = 0) depending on whether or not the electronic wave function changes sign upon reflection at any plane containing the internuclear axis, and n is a number denoting the nth electronic state of a particular σ . The 3(0 + ), 3(0 − ), and 3(1) have very similar C 6 coefficients, are almost indistinguishable, and form a triad. The 4(1) and 1(2) have very similar C 6 coefficients, are almost indistinguishable, and form a diad. Only these five states are relevant for PA near the D 2 asymptote.
We have identified several vibrational levels belonging to the 3(0 + ), 4(1), and 1(2) electronic states but did not observe the 3(0 − ) and 3(1) states. For each vibrational level we observe at most two lines corresponding to two rotational levels (J ). While it is true that s-wave collisions dominate in our system since the p-wave centrifugal barrier [ß1.9 mK, estimated using C 6 ß 2500 atomic units for the Li (2s 2 S 1/2 ) + Rb (5s 2 S 1/2 ) asymptote] is higher than the MOT temperatures (ß1 mK and ß200 μK for the Li and Rb MOTs, respectively), it does not provide a satisfactory explanation of why only up to two rotational levels are observed.
The selection rules for the electric dipole transitions are = 0, ±1, J = 0, ±1, 0 + ↔0 + , 0 − ↔0 − , J ࣙ , J = 0 is not allowed if = 0 for both states and J = 0 → J = 0 transitions are not allowed [10, [31] [32] [33] . The Li and Rb atoms in the ground state collide along the 1(0 + ), 1(0 − ), or the 1(1) channels. Along with the assumption that only s-wave (l = 0) collisions contribute, this leads to the following allowed levels of the photoassociated LiRb * molecule: 0
, and 2 (J = 2). However, for reasons that remain to be understood, we observe at most two of the allowed rotational levels. For the = 0 + state we observe only one J and hence cannot accurately assign the value of J . On the other hand, the width and the hyperfine structure of the observed PA lines allow us to make an educated guess for J and also of . We assign the relatively wide (ß250 MHz) PA lines to 3(0 + ), J = 1 since (i) the linewidth of 3(0 + ) resonances are expected to be large since the 3(0 + ) state, which correlates to the b 3 -A 1 + complex at smaller internuclear distances, could undergo predissociation [33] due to the avoided crossing [34] between the b 3 and A 1 + states, (ii) they are expected to have no hyperfine structure, and (iii) they fit the expected line positions of the triad potential quite well as discussed in detail below. We assign the lines with multiple resolved hyperfine splitting to 1(2), J = 2 since (i) the hyperfine splitting is expected to be the largest for these lines [35] and (ii) they fit the diad potential quite well. We assign the other lines to the J = 1 and J = 2 levels of the 4(1) state based on the agreement with the expected rotational constant.
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For the 3(0 + ) state we prefer assigning J = 1 instead of J = 0 or J = 2 because there are at least twice as many allowed PA transitions from the 1(0 + ), 1(0 − ), and 1(1) collision channels that lead to the formation of J = 1 LiRb * molecules compared to J = 0 or J = 2 LiRb * molecules. In Table I we report all the observed PA lines along with their assignments. For levels with hyperfine structure, the position of the strongest line is reported. We note that the identification of the diad and triad potentials and the derived C 6 coefficients are expected to be quite accurate despite some uncertainties in the assignment of the angular momentum quantum numbers such as J .
To extract the C 6 coefficients we use the LeRoy-Bernstein (LRB) formula [36] :
where v is the vibrational quantum number measured from the dissociation limit (i.e., measured such that v = 1 is the least bound state), 6 (and hence C 6 ) from a fit to Eq. (1), an example of which is shown in Fig. 2(b) . Accounting for E rot , which is small (135 B v 515 MHz), does not change these values significantly (see Sec. S2 in Ref. [27] ) and the C 6 coefficients are within the quoted uncertainties even if the rotational assignment (J ) is changed by ±1. We compare the experimentally determined C 6 coefficients with the theoretical values available (Table II) and generally find good agreement with Ref. [28] and reasonable agreement with others. We now turn our attention to the strongest PA lines at PA = −15.08 GHz (ν PA = 384 217.07 GHz) for which we observe 70% losses in the Li MOT. In Fig. 3(a) we show the time evolution of the number of atoms in the Li MOT when the resonant PA beam, with average intensity = 74 W/cm 2 , is turned on at t = 0 (see Sec. S3 in Ref. [27] ). From the initial slope of the curve we determine that 3.5 × GHz, the resonance shown in Fig. 1(c) ] is turned on at t = 0. The LiRb * production rate (P LiRb ) is estimated from the slope near t = 0. (b) The PA rate coefficient (K PA ) as a function of the average PA laser intensity. The rate starts to saturate beyond 60 W/cm 2 . The solid line is a linear fit of K PA in the low-intensity regime with a slope 2 × 10 −12 (cm 3 /s)/(W/cm 2 ). (c) Comparison of PA rate coefficient K PA of different polar molecules. The left (dark color, expt.) bars denote the maximum experimentally observed values of K PA while the right (light color, theor.) bars denote the theoretical values at the unitarity limit at the temperatures indicated. Even at a relatively high temperature, the K PA for LiRb is the highest and is close to the theoretical prediction of the unitarity limit.
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atoms are lost per second. This implies a LiRb * production rate (P LiRb ) of 3.5 × 10 7 s −1 , which is among the highest observed for heteronuclear bi-alkali-metal molecules. Since the Rb MOT is larger than the Li MOT, the PA rate coefficient K PA is simply given by K PA = P LiRb /(n Rb N Li ). Using the typical values of N Li and n Rb , the maximum value that we obtain is K PA = 1.3 × 10 −10 cm 3 /s. The value of K PA is accurate to within 50%, the major uncertainty coming from the determination of n Rb (note that the uncertainties in the measurement of N Li cancel out). We also observe the saturation of P LiRb and hence K PA , for PA laser intensities exceeding 60 W/cm 2 [ Fig. 3(b) ]. The saturated value of K PA is estimated to be around 1.3(7) × 10 −10 cm 3 /s. This value can be compared to the predicted theoretical value at the unitarity limit where the scattering matrix element becomes unity [20, 24, 32] :
where υ rel = √ 8k B T /πμ is the average relative velocity of the atoms, k = 2μk B T / 2 , μ is the reduced mass, and T = 1 mK is the temperature of the Li atoms. Given the uncertainty in the values of n Rb and T , we consider that the agreement between experiment and theory is fairly good. We note that we performed a similar analysis for PA of 85 Rb 2 and found good agreement with theory [20] and with previous experimental reports.
In Fig. 3(c) we plot the maximum observed K PA values for different polar molecules along with the theoretical values at the unitarity limit [20] . It is seen that the experimentally observed K PA value for LiRb is higher than all other species so far and approaches the unitarity limit. We note that K PA can be further increased by lowering T . It is also seen that for most other species the experimental maximum values differ substantially from the values at the unitarity limit. Moreover, the measured K PA values for LiCs [37] and NaCs [38] have large error bars and are only accurate within a factor of 10. The error bars are large in those measurements because the measurements were performed using resonance enhanced multiphoton ionization (REMPI) for which it is difficult to calibrate the ionization, ion collection, and detection efficiencies. PA induced trap loss was used to measure PA rates in RbCs [9] and LiK [10] but the rates were significantly lower. In this regard, LiRb is a welcome exception with very high PA rate and the observation of PA-induced trap loss allows relatively precise determination of the PA rate coefficient K PA . We note that high PA rate (though lower than that observed here) is also observed for PA near the Li (2s 2 S 1/2 ) + Rb (5p 2 P 1/2 ) asymptote [18] .
We also note that we observe a very high LiRb * molecule production rate (P LiRb ) of 3.5 × 10 7 s −1 . Assuming that a small fraction of the LiRb * molecules would spontaneously decay to electronic ground state LiRb molecules, this amounts to a substantial production rate of LiRb molecules in the electronic ground state (see Sec. S4 in Ref. [27] for discussions on the prospects and schemes to create ground state LiRb molecules). Detection of such ground state molecules using REMPI, guided by our previous spectroscopy work [39] , is currently being pursued.
In conclusion, we have produced ultracold LiRb * molecules by photoassociation and derived the C 6 dispersion coefficients for the Li (2s 2 S 1/2 ) + Rb (5p 2 P 3/2 ) asymptote. We find unexpectedly high LiRb * molecule production rate of 3.5 × 10 7 s −1 . We observe a PA rate coefficient (K PA ) of 1.3 × 10 −10 cm 3 /s, highest among heteronuclear bi-alkalimetal molecules, and report the PA laser intensity driven saturation of K PA at a value close to the unitarity limit. We note that PA could lead to formation of LiRb molecules in the deeply bound vibrational levels of the ground electronic X 1 + state. These can then be transferred to the X 1 + (v = 0) state by techniques such as STIRAP [1, 12] or optical pumping [40] .
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